Collocated comparisons for three PM 2.5 monitors were conducted from June 2011 to May 2013 at an air monitoring station in the residential area of Fort McMurray, Alberta, Canada, a city located in the Athabasca Oil Sands Region. Extremely cold winters (down to approximately −40°C) coupled with low PM 2.5 concentrations present a challenge for continuous measurements. Both the tapered element oscillating microbalance (TEOM), operated at 40°C (i.e., TEOM 40 ), and Synchronized Hybrid Ambient Real-time Particulate (SHARP, a Federal Equivalent Method [FEM]), were compared with a Partisol PM 2.5 U.S. Federal Reference Method (FRM) sampler. While hourly TEOM 40 PM 2.5 were consistently~20-50% lower than that of SHARP, no statistically significant differences were found between the 24-hr averages for FRM and SHARP. Orthogonal regression (OR) equations derived from FRM and TEOM 40 were used to adjust the TEOM 40 (i.e., TEOM adj ) and improve its agreement with FRM, particularly for the cold season. The 12-year-long hourly TEOM adj measurements from 1999 to 2011 based on the OR equations between SHARP and TEOM 40 were derived from the 2-year (2011-2013) collocated measurements. The trend analysis combining both TEOM adj and SHARP measurements showed a statistically significant decrease in PM 2.5 concentrations with a seasonal slope of −0.15 μg m −3 yr −1 from 1999 to 2014.
Introduction
Epidemiological studies have found associations between particulate matter (PM) concentrations and adverse health effects (Chow et al., 2006a; Pope and Dockery, 2006; USEPA, 2004; Vedal, 1997; Watson et al., 1997) . In 2013, PM from outdoor air pollution was classified as carcinogenic to humans by the International Agency for Research on Cancer (Loomis et al., 2013) . PM also causes visibility impairment (Chow et al., 2002; Watson, 2002) and affects the earth's thermal radiation balance (Fiore et al., 2015) . PM 2.5 and PM 10 (particulate matter with aerodynamic diameters less than 2.5 and 10 µm, respectively) concentrations are indicators of adverse health effects (Bachmann, 2007) . Canadian Ambient Air Quality Standards (CAAQS) for PM 2.5 replaced the Canada-Wide Standard (CWS), reducing 24-hr PM 2.5 levels from 30 to 28 μg m −3 with an annual average of 10 µg m −3 (https://www.ec.gc.ca).
CAAQS and CWS compliance is determined by measurements made with Federal Reference Methods (FRMs) or Federal Equivalent Methods (FEMs) developed by the U.S. Environmental Protection Agency (U.S. EPA) (USEPA, 2014) . The tapered element oscillating microbalance (TEOM) monitor (model 1400a, Rupprecht & Patashnick, now Thermo Scientific, Waltham, MA) has been designated as a PM 10 FEM since 1990 (USEPA, 2014) . The TEOM PM 10 monitor, configured with either a sharp cut cyclone (SCC) or a very sharp cut cyclone (VSCC, BGI, now Mesa Labs, Inc., Lakewood, CO) (Watson and Chow, 2011) , monitored PM 2.5 (Sofowote et al., 2014) before designation of FEMs PM 2.5 .
To determine compliance with CAAQS, PM 2.5 measurements have been acquired as part of the Wood Buffalo Environmental Association (WBEA, www.wbea. org) air quality monitoring network in northeastern Alberta, Canada, where TEOM monitors (model 1400a) with SCC (or VSCC) inlets measured hourly PM 2.5 from 1999 to 2011. These instruments operated at 40°C, as specified by Alberta Environment and Sustainable Resource Development. After June 2009, Synchronized Hybrid Ambient Real-time Particulate (SHARP) monitors (model 5030, Thermo Scientific, Waltham, MA), designated as Class III PM 2.5 FEMs by the U.S. EPA (2009), were installed as replacements for the aging TEOMs. PM 2.5 from collocated TEOM and SHARP monitors show differences that affect the interpretation of long-term trends (Ayers et al., 1999; Bencs et al., 2010; Charron et al., 2004; Chow et al., 2008; Chow et al., 2006b; Cyrys et al., 2001; Hauck et al., 2004; Sofowote et al., 2014; Zhu et al., 2007) . The extremely low temperatures (e.g., -40°C) and low PM 2.5 concentrations (e.g., annual average of~5 µg m −3 ) in the Athabasca Oil Sands Region (AOSR, northeastern Alberta, Canada) present further challenges for consistent PM 2.5 measurements. The objectives of this study were to (1) evaluate the similarities and differences of PM 2.5 mass concentrations measured by collocated FRM samplers (Partisol, Thermo Scientific) and continuous TEOM and SHARP monitors; (2) examine relationships among the three measurements that might allow one to be predicted from another; and (3) determine the extent to which the TEOM PM 2.5 measurements can be adjusted to understand PM 2.5 trends since 1999.
Methodology
Site description PM 2.5 was measured at four neighborhood-scale air monitoring stations (AMS) that are part of the WBEA monitoring network, shown in Figure 1. These include:
(1) AMS 1 (57.189 N, 111.640 W) in a nonurban com-munity~58 km north-northwest of Fort McMurray in the First Nation and Métis Community of Fort McKay;
(2) AMS 6 (56.751 N, 111.476 W) in an urban/residential area of Fort McMurray; (3) AMS 7 (Athabasca River valley in downtown, 56.732 N, 111.390 W) in the populated city of Fort McMurray (~61,300 residents); and (4) AMS 14 (~35 km southeast of Fort McMurray, 56.449 N, 111.037 W) in the nonurban residential area of Anzac. Both Fort McKay and Anzac contain only 550-600 inhabitants (www.stat can.gc.ca). Fort McKay is surrounded by AOSR mining activities. PM 2.5 concentrations in this region are affected by emissions from engine exhaust, cooking, residential wood combustion, and forest fires, as well as resuspended dust from paved/unpaved roads, construction, and mining activities (Wang et al., 2015a (Wang et al., , 2015b (Wang et al., , 2016 Watson et al., 2014; Watson et al., 2012) .
PM 2.5 measurements
Tapered element oscillating microbalance (TEOM). The TEOM collects PM on a vibrating substrate and measures the change in the oscillation frequency (Patashnick and Rupprecht, 1991) that decreases with mass loading. Operation of TEOM requires a constant Figure 1 . WBEA ambient air quality monitoring stations in the Athabasca Oil Sands Region (AOSR) in northern Alberta Canada (www.wbea.org). PM 2.5 was measured at the nonurban communities of Fort McKay (AMS 1) and Anzac (AMS 14), as well as at the urban area of Fort McMurray (AMS 6 and 7). temperature setting above ambient (typically 30-50°C) to prevent expansion and contraction of the tapered element and reduce interference from water vapor condensation. However, heating the ambient air enhances volatilization of particle-bound semivolatile compounds (e.g., ammonium nitrate and some organic species) (Ayers et al., 1999; Charron et al., 2004) . This volatilization results in an underestimation of PM 2.5 mass, especially when semivolatile compounds favor the particulate phase during cold seasons (Allen et al., 1997; Rees et al., 2004) .
Synchronized Hybrid Ambient Real-time Particulate (SHARP). The SHARP monitor measures the photometric signal by light scattering in the sampling duct and the attenuation of an electron beam (beta rays) transmitted through particles collected on a filter tape. Both can be related to PM 2.5 mass, assuming certain particle sizes, shapes, and compositions. The relationship between monochromatic light scattered by an ensemble of particle sizes and numbers is (Gebhart, 2001; Thomas and Gebhart, 1994) 
where P is scattered light flux collected by the detector, I 0 is the incident flux, V m is the sensing volume, C n is the total particle number concentration, f(d p ) is the particle number-based size distribution, d p is particle diameter, S is the power of light scattered by a particle over the lightcollecting solid angle of the scattered light detector, λ is wavelength, and m is refractive index. Light scattering can be measured with high time resolution (~1 sec). For particles with the same size distribution and composition, scattered light is proportional to the number or mass concentration (Wang et al., 2009 ). However, photometric measurements underestimate ultrafine (d p < 0.1 µm) and large (> 2.5 μm) particle contributions when calibrated with aerosols typical of PM 2.5 . Relationships between scattered light and particle concentration vary by location and season (Chow et al., 2006b) . To account for the variable relationships between mass and particle light scattering, the SHARP periodically (every few hours) normalizes the scattering to the beta attenuation mass. Beta attenuation is related to mass concentration by (Jaklevic et al., 1981) 
where β is the transmitted electron flux, β 0 is the incident electron flux, µ is the mass absorption coefficient (cm 2 g −1 ), and x is the mass thickness of the sample (g cm −2 ) (Kulkarni et al., 2011) ; μ is determined by comparing standards of known mass to β.
The light scattering-derived PM 2.5 mass concentration is
where N ave is the 1-min average concentration (µg m −3 ) derived from light scattering, and B/N, a correction factor, is the ratio of concentrations between beta attenuation (B) and light scattering (N). A time constant, a function of the coefficient of variation of the light scattering signal, ranging from 20 to 480 min, is required to obtain the B/N ratio. To reduce the interference from water vapor, SHARP is equipped with a heating system that turns on when the relative humidity (RH) exceeds 35%. Because of the lower saturation water vapor pressure on cold days, only mild heating is needed. For example, heating the sampled air stream from -40°C to -9°C reduces the RH from 100% to 34%. Less heat is required to maintain RH at <35% in SHARP than for the TEOM samples at 40°C (i.e., TEOM 40 ). This results in lower losses of semivolatile compounds in the SHARP than in the TEOM. Collocated comparisons were conducted over a period of 2 years (June 2011 to May 2013) for Partisol FRM, TEOM 40 , and SHARP (all from Thermo Scientific) at the AMS 6 (residential Fort McMurray) site to determine how well one method compares with the others. Collocated FRM and TEOM 40 measurements were also acquired at the other three sites (i.e., AMS 1, 7, and 14) from February to August 2011 to evaluate the generality of the derived relationships. Both TEOM 40 and SHARP monitors were operated in temperature-controlled (22−25°C) shelters, while the Partisol FRM was on the shelter rooftop. Each of the three monitors was equipped with a VSCC sizeselective inlet (~3 m above ground level). Twenty-fourhour Teflon-membrane filter samples (midnight to midnight) were collected every 6 days following the Canadian National Air Pollution Surveillance (NAPS) schedule. In addition to daily flow and display checks, routine maintenance (e.g., inlet cleaning and leak checks) was carried out on a monthly basis, and that frequency was increased when necessary. Greater detail is found in the standard operating procedures (http://www.wbea.org/air-monitor ing/standard-operating-procedures).
Teflon-membrane filters for the FRM were equilibrated in a temperature (20-30°C) and RH (30-40%) controlled environment for >48 hr before the pre-and postsampling gravimetric analyses on a microbalance with ±1 μg sensitivity. Hourly PM 2.5 raw data from the TEOM 40 and SHARP monitors were retrieved from the data logger and archived in WBEA's database. These Level 1 (L1) data were then reviewed monthly as part of the quality control (QC) and quality assurance (QA). Following the Air Monitoring Directive specified by the government of Alberta, negative TEOM values (often found during the cold seasons) were replaced by zeros for concentrations ranging from -3.0 to 0.0 μg m −3 and should be invalidated for concentrations <-3.0 μg m −3 as part of the Level 2 (L2) validation criteria (Alberta Environment and Sustainable Resource Development [AESRD], 2014). With an internal heating system, negative values were seldom found with the SHARP monitor. Although a common practice in cold environments caused by slowly evaporating compounds coupled with low PM concentrations, this zero adjustment approach yields a small positive bias to PM 2.5 concentrations (e.g., 24-hr, monthly, and annual averages), but it does not compensate for the TEOM 40 's negative bias. Both L1 and L2 data are available at http://www.wbea.org/monitoring-stations-anddata/historical-monitoring-data.
Statistical analysis
Nonparametric statistical analyses were employed (Hsu, 2013) , including (1) Mann-Whitney rank sum test (Sigmaplot 11, San Jose, CA); (2) Spearman rank order correlation (SigmaPlot 11); (3) Mann-Kendall trend analysis (XLSTAT-Time, Addinsoft, New York, NY); and (4) Sen trend analysis (XLSTAT-Time). In addition, two regression analyses were applied: (1) simple linear regression analysis (SLR, Excel 2013, Redmond, WA) to assess the association between the independent and dependent variables without consideration of measurement uncertainties; and (2) orthogonal regression (OR; Minitab 16, State College, PA), which recognizes measurement uncertainties in both variables (Hauck et al., 2004) . Pearson correlation coefficients (Excel 2013, Redmond, WA) and Spearman rank order correlation coefficients were calculated for the SLR and OR analyses, respectively.
Results and discussion
Hourly PM 2.5 concentrations from TEOM 40 and SHARP The average and median for TEOM 40 PM 2.5 at the AMS 6 site from June 2011 to May 2013 were 4.3 and 2.3 µg m −3 (with 25th and 75th percentiles of 0.72 and 4.9 µg m −3 , respectively). During the cold season (from November to April), snow cover minimizes fugitive dust emissions, although resuspension of deicing materials counters this reduction during thawing. Low temperatures cause more semivolatile species to condense, resulting in higher PM 2.5 mass with increased particlephase ammonium (NH 4 + ), nitrate (NO 3 − ), and organic carbon (OC) Green et al., 2015; Hsu and Clair, 2015) . Major PM sources during the warm season (from May to October) are fugitive dust from paved and unpaved roads, construction, and mining activities, based on the 2009 National Pollutant Release Inventory published by Environment Canada (2011). Figure 2 shows that monthly-average TEOM 40 PM 2.5 varied from 1.7 to 17 µg m −3 . The two elevated monthly PM 2.5 concentrations (i.e., June 2011 and July 2012) corresponded with forest fires in the region, a common occurrence during summertime. PM 2.5 concentrations exceeded the maximum operation range of 450 µg m −3 for TEOM 40 with forest fires during May/June 2011. The percentage of negative hourly TEOM 40 PM 2.5 concentrations was more pronounced in winter than in summer. Approximately one-third (34%) of TEOM 40 PM 2.5 concentrations were negative during October 2012, coinciding with the lowest monthly average of 1.7 μg m −3 .
Collocated comparison in Figure 3 shows higher PM 2.5 for SHARP compared to TEOM 40 , with the exception of July 2012. Differences were largest when PM 2.5 was either high (e.g., 84 µg m −3 in June 2011) or low (e.g., 22 µg m −3 in January 2013) and can be attributed to the enhanced volatilization and frequent occurrence of negative concentrations for TEOM 40 .
Similar OR slopes (0.82 and 0.78) were found for the warm and cold seasons (Figure 4) , with consistent 20-30% lower PM 2.5 by TEOM 40 . The largest discrepancy is found for PM 2.5 > 20 μg m −3 . The correlation coefficients are higher for the cold (r = 0.73) than for the warm (r = 0.67) seasons. Table 1 shows nearly a factor of 2 difference (p < 0.01) in median PM 2.5 concentrations, ranging from 2.1 to 2.6 µg m −3 for TEOM 40 and from 4.1 to 4.6 µg m −3 for SHARP.
During the 2-year collocated comparison, negative (>-3.0 µg m −3 ) PM 2.5 concentrations were found for 14% (n = 2452) of TEOM 40 hourly averages. As shown in Table 2 , similar averages (-0.81 µg m −3 for n = 2482 and -0.77 µg m −3 for n = 2452) were found between Level 1A (TEOM 40 was smaller than 0.0 µg m −3 ) and Level 1B (TEOM 40 was between -3.0 and 0.0 µg m −3 ), with the 50th percentile of -0.62 to -0.63 µg m −3 . This is expected, as only~1% of the hourly measurements were below -3 µg m −3 . Assuming the SHARP PM 2.5 concentration is correct (no negative values found) for TEOM PM 2.5 concentration smaller than 0.0 µg m −3 , replacing negative values with zero in the database (i.e., Level 2) resulted in an underestimate of approximately -2.0 µg m −3 (50th percentile or median) in TEOM 40 , which is consistent with those shown in Table 1 .
Comparison of 24-hr PM 2.5 concentrations among FRM, TEOM 40 , and SHARP Since PM 2.5 concentrations, compositions, and physical properties (e.g., refractive index, density, and size distribution) change during forest fires, a comparison was made between periods with and without forest fires. Scatter plots in Figure 5 show that the highest correlations (0.93 < r < 0.96) between the FRM and continuous monitors (i.e., SHARP and TEOM 40 ) were found during forest fires, along with higher intercepts (2.6−3.1 μg m −3 ). The higher intercepts may result from a positive organic artifact (Chow et al., 2010; Watson et al., 2009) due to the abundant volatile organic compounds (VOCs) emissions during forest fires. Future studies should include collocated FRMs with quartzfiber backup filters for representative blank subtraction. With zero intercept, the slope increased from 0.74 to 0.79 for FRM versus SHARP and from 0.92 to 0.97 for FRM versus TEOM 40 . Higher PM 2.5 mass in SHARP than FRM during forest fires is attributed to enhanced particle scattering, especially during the smoldering phase of combustion. Past studies (Hsu and Clair, 2015; Spracklen et al., 2007) have shown increases in NH 4 + , NO 3 − , OC, and elemental carbon (EC) concentrations during forest fires. The FRM PM 2.5 might not properly collect the semivolatile material due to the volatilization losses from the Teflon-membrane filter (Ashbaugh and Eldred, 2004; Chow et al., 2005; Long et al., 2003) .
The median 24-hr PM 2.5 concentrations in Table 3 range from 3.6 to 4.5 µg m −3 for the FRM, but they are consistent at 4.3 µg m −3 for the SHARP and from 2.4 to 2.5 µg m −3 for the TEOM 40 , irrespective of season. Mann-Whitney rank sum tests yield no statistically significant differences between the FRM and SHARP for any season, with p values ranging from 0.33 to 0.82. However, TEOM 40 PM 2.5 medians were statistically significantly lower (p < 0.01) than those of FRM and SHARP for all seasons except the warm season for TEOM 40 and FRM (p = 0.08).
Although the OR slopes of FRM versus SHARP (1.25) and FRM versus TEOM 40 (1.16) for the non-forest-fire periods exceed unity, comparable PM 2.5 concentrations are found between FRM and SHARP during cold seasons (blue squares in Figure 5a ). Forcing the intercept to zero, Table 4 shows that the ratios of FRM to SHARP are 0.99 for cold seasons and 0.97 for warm seasons, based on SLR. SHARP PM 2.5 are lower than FRM during the warm seasons and when PM 2.5 <~6 μg m −3 . Figure 5a shows that FRM PM 2.5 are systematically higher than TEOM 40 in both cold and warm seasons. For the entire sampling period, Figure 5c shows reasonable correlations (r = 0.83-0.84) between the FRM and continuous monitors, with slopes ranging from 0.78 to 0.95.
For non-forest-fire periods, Table 4 shows that the largest intercept, 2.2 μg m −3 with a slope of 0.88, was found by SLR for FRM versus TEOM 40 PM 2.5 during cold seasons. This differs from the OR result, which shows a lower intercept (0.87 μg m −3 ) and a higher slope (1.36). Setting the intercept to zero results in an FRM versus TEOM 40 slope of 1.45 and 1.17 for the cold and warm seasons, respectively, which is consistent with 20-50% losses of volatilized PM 2.5 with TEOM 40 . FRM and SHARP comparisons are better, with ratios of 0.97-0.99 using zero intercept. Table 4 shows that the SLR regression equations developed in this study are similar to those found for other sites in Canada with TEOM 40 (http://www.ec.gc.ca), in that: (1) the slopes of FRM versus TEOM 40 are close to 1, within~±30%; and (2) the slopes of FRM versus SHARP are closer to 1, within~±10%.
Application of regression statistics to long-term databases
By incorporating measurement uncertainties, OR is a better metric than SLR for evaluating whether or not two tested variables (Y vs. X) are equivalent. The OR relationships between FRM and TEOM 40 measurements at the AMS 6 site were used to adjust TEOM 40 PM 2.5 at the other sites (i.e., TEOM adj ): 
These relationships were applied to 44 sets of data from 2011 to evaluate their applicability at AMS 1, AMS 7, and AMS 14. During May to August, TEOM adj was closer to the 1:1 line for PM 2.5 < 10 μg m −3 , but it overestimated the FRM for PM 2.5 > 10 µg m −3 (Figure 6a ). However, the number of data points (n = 15) for PM 2.5 > 10 μg m −3 was small.
The relative differences (D, %) is
where TEOM represents either TEOM 40 (no correction) or TEOM adj (using eqs 4 and 5). While D ranges from 13 to 15% for PM 2.5 < 10 µg m −3 , these differences decrease to~9% for PM 2.5 > 10 µg m −3 with TEOM 40 or TEOM adj for all seasons with forest fires (ASFF). Comparability between FRM and TEOM adj improves for the non-forest-fire period (February to April, n = 29). As shown in Figure 6b , the difference decreases from 18% for TEOM 40 to 13% for TEOM adj . The OR equations (eqs 10-12) between SHARP (i.e., FEM) and TEOM 40 were applied to historical hourly TEOM 40 PM 2.5 concentrations at the AMS 6 site from January 1999 to August 2012 for trend analysis: Long-term trends were examined with TEOM adjFEM (eqs 10-12) using a Sen trend, seasonal Sen trend, and Mann-Kendall analyses as shown in Figure 7 . A 
Conclusions
Three PM 2.5 monitors, Partisol FRM, TEOM operated at 40°C (i.e., TEOM 40 ), and SHARP FEM, were collocated at the residential Fort McMurray, Alberta, Canada, site (AMS 6) for 2 years (i.e., June 2011 to May 2013). Cold winter months (as low as -40°C) resulted in a high percentage of negative PM 2.5 concentrations in TEOM 40 (e.g., 34% in October 2012). Hourly TEOM 40 PM 2.5 were lower than those by SHARP (p < 0.01), especially during the cold seasons (November to April). For the 2-year collocated measurements (June 2011 to May 2013), the median concentration for SHARP (4.3 μg m −3 ) was 85% higher than that of TEOM 40 (2.3 μg m −3 ) at the AMS 6 site.
Good correlations (r > 0.93) were found for the elevated, 24-hr PM 2.5 during forest fires between FRM and TEOM 40 or SHARP. However, TEOM 40 was lower than those of SHARP and FRM for PM 2.5 < 10 μg m −3 . TEOM 40 PM 2.5 concentrations at the 25th, 50th, and 75th percentiles were lower than those of SHARP by~2 μg m −3 . Statistically significant differences (p < 0.01) between FRM and TEOM 40 were identified for all seasons. Closer agreements in PM 2.5 were found between FRM and SHARP as compared to TEOM 40 . No statistically significant differences in PM 2.5 were found between FRM and SHARP. Given the comparability with Partisol FRM, low frequency of negative values, and high percentages of data completeness (98%), the SHARP FEM appears to be a reliable monitor for PM 2.5 measurements in extreme cold weather conditions.
Orthogonal regression (OR) that incorporates measurement uncertainties of both the response (Y) and predictor (X) variables appeared to be more representative than simple linear regression (SLR) to determine equivalence between monitors. The OR equations between FRM and TEOM 40 (collocated measurements) were used to adjust TEOM (i.e., TEOM adj ) at three selected sites within the Wood Buffalo Environmental Association (WBEA) air quality monitoring network. The developed regression equations improve comparability between FRM and TEOM 40 , with the relative difference reduced from Table 5 . Descriptive statistics of TEOM adj a PM 2.5 (from January 1999 to August 2011) and SHARP PM 2.5 (from September 2011 to December 2014) concentrations (μg m −3 ) for the AMS 6 site. Statistic 1999 Statistic 2000 Statistic 2001 Statistic 2002 Statistic 2003 Statistic 2004 Statistic 2005 Statistic 2006 Statistic 2007 Statistic 2008 Statistic 2009 Statistic 2010 Statistic 2011 Statistic 2012 Statistic 2013 Statistic 2014 Number of  observations   8760 8784 8760 8760 8760 8784 8760 8760 8760 8784 8760 8760 8760 8784 8760 8760   Completeness (%)  91  100  99  97  98  96  87  95  97  97  93  92  94  98  98  98  Maximum  221  182  124  335  78  106  73  275  303  220  340  92  549  377  140  218 Figure 7 . The 24-hr average PM 2.5 concentrations using both TEOM adj (January 1999 to August 2011) and SHARP (September 2011 to 2014) measurements with Sen's slope at the AMS 6 site.
18% to 13% during cold seasons. The 12-year (1999-2011) TEOM 40 PM 2.5 concentrations were adjusted with SHARP/TEOM 40 OR equations in order to integrate with SHARP measurements from 2011 to 2014. The 16-year trend analysis shows that there was a statistically significant decrease in PM 2.5 from 1999 to 2014 with a seasonal Sen's slope of −0.15 μg m −3 yr −1 for the residential Fort McMurray (AMS 6) site.
